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/ SZNIMIC  MEASUREMBIIS  ON  TEE  83101  SHBT.T.  T-28E6 

IN  THE  SmONAL  BUREATT  OP  Sim&SDS  VIND  TUNNEL 


ABSTBACT 

Mbasarenwnta  of  the  Magnns  and  axial  tonjaea  on  the  83m  T-28  aortar 
shell  vlth  several  fin  variasts  have  been  perfonMd  in  the  ERL-  - pS  dynanie 
aeasTireoients  rig.  The  non-linear  eharaeterlstles  of  the  Magnos  and  axial 
torques  aa  noted  iron  the  earlier  M*^  tests  are  again  evident,  and  our  in- 
teapretation  of  tba  eontxibations  of  the  fins  and  shrood  to  thae  torqoes 
is  corroborated  and  extended* 


S' 


I 


IBTBODacnCW 

Ih  ^oir  of  the  tnexpected  non-liiieerltles  of  Magnoe  torque  forsjd  tram 
the  teste  made  on  the  Slim  K-56  nortar  shell,  as  described  in  BRL  882*,  the 
question  arose  as  to  vfaether  these  eharaeteristles  vere  peculiar  teethe 
H-56  shell  or  vere  representative  of  nortar  shell  in  general.  The  thought 
vas  that  the  V.^$6  was  of  poor  aero^jnanie  design,  eqpeoialljr  in  the  abrupt 
step  froa  qrlinder  to  cone  that  forms  a i^axp  shoulder  in  the  afterbody; 
and  that  therefore  it  vas  possible  that  its  eharaoteristics  vere  due  largely 
to  separation  effects  vhich  vould  not  be  isportant  in  the  case  of  sheU  with 
a good  afterbody  sh^>e.  Accordingly,  another  series  of  dTxfsi^  neasurenents 
vas  made,  this  tine  on*  the  streanlined  8lnm  T>28  nortar  shbll.  To  determine 
the  offers  of  the  fin,  shroud,  and  inoreasediLn  area  on  the  axial  and  Magnus 
torques,  runs  vere  .also  made  on  the  T-28  body  alone  (including  tail  boon), 
with  a standard  fin  from  vhlCh  the  shroud  was  removed,  and  vith  a long,  high- 
area  fin  of  a design  suggested  by  B.  0.  Karpov. 

These  testa  vere  carried  out  in  the  suaner  and  fall  of  19^  at  tbs  / 
Hatlonal  Bureau  of  Standards*  North  Mind  Tunnbl.  So  as  not  to  delay  the  : 
neasurements  and  to  nake  then  on  a coaparatle  basis  with  the  M-$5  n^asura— 
nents,  the  Burean  obligingly  postponed  its  reconstmetion  of  the  tunnel  • 
vorldng  section  until  the  coopletlon  of  our  tests.  This  piper  is  a report 
on  these  teats.  / . 

■ V . , • » 

I.  AZEAL  TOBQDES 

A.  . Inatrunentation  and  Data  Reduction 

The  rig  for  iapartlng  circular  yaaing  notion  to  the  shall,  nodel  is 
illustrated  in  Fig.  1.  The  shell  is  mounted  on  a longitudinal  shaft,  free 
to  rotate  About  this  Shaft  on  ball  bearings.  The  shaft  ends  are  connected 
to  the  sipporting  vires  by  neans  of  the  nosepiece  and  ball  Joint  assenbly 
(shcMn  in  Fig.  2)  which  is  a low-fklctlon  ball-lnpcage  ^e  of  coupling, 
alloving  the  shaft  to  execute  circular  yawing,  notion  freely  vithout  lapa^ 
Ing  bending  stresses  to  the  wires  or  allowing  the  shaft  itself  to  rotate^ 

(hi  the  outside  of  the  shell,  about  the  center  of  yawing  motion,  the  elr- 
eunference  is  marked  with  25  equidistant  divisions  so  that  a record  of  the 
angular  displacement,  ft,  vs  time  nay  be  made  by  a notion  picture  camera. 

The  camera  is  a l6mn  l^e,  running  at  30  frames/see»,  with  a film  sipply 
lasting  one  minute. 


* "Bynamie  Measurements  on  the  8lssa  Shell  H-58  in  the  BBS  Wind  Tunnel", 
Zaroodny  and  Mott.  ' 


CIRCULAR  YAWING  MOTION 


Rpom  thsoretleal  oonsideratlozis*  «ad  esperienee  with  the  date, 
the  eiqpressioa  for  the  total  axial  torque  was  asstmad  to  be  a Maple«^jnage 
espaosioi  of  the  form 


(1)  Torque 


where  p Is 
airspeed,  >{ 
TawiJig  rat^ 
The  eapresr 
torque,  il 


(pd^u®)  -vK^ 

♦ [(K^»  ♦ lyi)  ♦ v(]^  ♦ %»*)  j 

♦ [(]^"  ♦ w(r3+Kj^H*+!^H*‘)]  slav’d} 


[he  densltf  of  the  air,  d the  diameter  of  the  shell,  « the- 
the  spin  in  radians  per  caliber  of  travel,  N the  eiroular 
in  radi^  per  caliber  of  travel,  and  5 the'  angle  of  yav. 
on  pd3tt?,  using  coosijitent  units,  gives  the  diasnsions  of 
L other  coeffloienta  and  variables  are'diaensioDless. 


Althg^h  the  Individual  terms  of  the  above  expansion  are  arrlTed  at 
largely  tijbough  mathematical  cocaiderati.ons.‘  and  ne^  not  ecrrespond  exactly 
to  separate  concepts  abstracted  trcoL  the  general  axial  torques  phencaenon, 
certain  associations  are  made  between  seas  of  the  terms  and  the  physical 
processes  to  idiieh  they  are  evidently  related.  Thus,  the  series  is  as- 
sociated with  Mated  flnsj  1^  is  associated  with  the  unequal  lift  given 

to  fins  in  eiroular  yawing  doe  to  body  interference,  iriiieh  generates  spin 
in  the  same  sense  as  the  yawingj  and  1^  is  generally  thought  of  as  repre- 
senting the  spin  danping  due  to  the  viscous  air  resistance,  and  also  (in 
the  ease  of  finned  shell)  due  to  the  effective  an{^e  of  attack  and  the 
resulting  lift  forces  on  the  fin  blades  incurred  by  a fin  spinning  in  an 
axial  airflow.  The  other  terns  are  interpreted  as  being  the  mathematically 
allowable  extensions  of  these  effects  to  the  higher  orders  of  V and  9,  the 
ijqportanee  of  the  terms  diminishing  with  oirdsr. 

From  the  angular  displacement  vs  tias  record  of  the  shell  subjected 
to  the  axial  torques,  as  read  trcn  the  notion  picture  film,  the  an^lar 
vel9ciiy«  and  the  angular  acceleration,  ^ nay  be  determined  by  nume^- 
'cai  differemlatlon.  Obviously,  (if'  is  proportional  to  the  spin,  v,and  (T 
is  proportional  to  ^e  axial  torques  generating  the  spin,  (r  is  plotted 
against  (T,  and  a straight  line  is  fitted  to  the  data  (with  certain  cor- 
rections noted  below)  • The  intercept  of  this  line  on  the  (^  axis  is 
prcportlonal  to  the  group  of  terms  in  (1)  independent  of  v,  and  tl^  slope 
of  the  line  is  proportional  to  the  gr^  of  terms  dependeirt  co  v (see 
Fig.  U).  Thus  from  each  film  there  may  be  obtained  two  numbers,  the  in- 
tercept and  the  slcps,  each  representing  a group  of  six  terms  • 


* K.  L.  Nielsen  and  J.  L.  Synge,  Q.  Appl.  feith.,  lu  201-226  (19U6). 


I ■■■■■■■■■■■■■■■■■■■■■■■■■ 
I ■■■■■■■■■■■■■■■■■■■■■■■■! 


■■■■■MB 

■■■■■■■a 


liviSSSBBiiil 


IteiiHt. 

ia;jjgsiBa«a!aaggi 

iSSiSgaaSaS-agSf, 


!!!!!!!S*^S*SSl555fS>555S5BBraiSBBBflfl'jwjBfl^BiBHSiS|flrBn'rB~^BzSflBBB^ 

:::s:s:sL-s::Sii^:iS:ssss^i^is:ssa:s^S£s::;;l^^£;s”:iS^s:;^^^s:s::[ 


I■■■■■■■■*«■■■■=■iMBXI■■BBBBEBmBB■BaBaB■aCf^BKB^i■i-i~i^irxa!ZS£■•SSSSSS: 
!S59!!!!9=!!!S:'!]!fS!!!!!!L'iU!!iBBBBBBBR3BBaB>BaBl'aaB*B%B^BTB'i2BBBaBBBBB| 


******^aBaBBBBBBBBriJBB???!!r*'iBIIBBBa^B7;BTBnB*B^BZZa— B^B^BBbSSSSSS 

:S:SSSISES=SSSS!!ff/r9!K!!»Pi?!5^P»!^k>^»>^^ 

■ X ^ ^BBBTBfB&BBBBBBBBB&B 


:B;;BrB; 


BBBBBBBBBiBBBB>'-‘.B'r 
BBBBBBBB 

|l‘aaa||aa:||i[[:a^ 

■^■■■■■■■■■■KBjr-«CBBBBfl«r/aBaBBBBBBVB^BBBn&B';B£B;BnBliB^B<:aL-«aflflBBKBK*B 
BB  = BBaBBBflBBB&BlkBBBBHI»BBBBBBBBBflt»*BBBSuBlKBiB^B”BiS 

Ba”BflaBBBBBBBBE«:SSSSSSf!S2S!!!SK!*E*:;=!S5r^»K!!S5-f!^»!l!!!€^ 

B*lUBBBBBBBBBBBBk' 

flrfP?BBBI 

BBCdl 

B VBBLhhhihh 

BfeBBBBBBBBBBBBBBBg'BBBBEJBUBBHHB  ■■■^■•■■■BBBTBB*BAfB'»'1B^*B 
**"'*******BBBaBaBBU**!:aBflaBaBIBBiaBBBaBBBBBBBaBBBBBBBBBBBSBSBS3VBt~»S 

■ ■■■■■■■■■BBaaBBB'jaflBBB«BBBBBBBBIiSri2B3SSSSSBS5SSSSSSSSSSSS5SSSnSB»-!S! 

■■■■BBaBflBBflBBBBBak'nBriBflBflfBBSBPsSBaBBBBBBBBBBBBBBBBBflBflBBBflBflB^BEaBMS 


I ■■■■■■■■■■■■■■■■■■■ 

aaaaaaaaaaaa:a:sa! 

I aiaiiaHBiBiMaatBf  5f 


■■BBBBBBaBBBBBBiiriiCMiiiiiiii:iBBaBB»KBBBifl=BBB’B;B::B3;SBBBBBBBKBBSI 

|BaBaBBBBBBBBBaBa3jBaBBBBflBBBBflflBBaBafl^fl£B>B^BaBBBCB*B^BiBBBBBBS5SBBE7Sl 

SSSSSSSSSS:SSSSi!SSS!!S!*S!!!”5»»»*'-»>^«»»^aiK^HB!BSflflBflBBBM| 

B B V I BT1B>*  B BB  BBBH^flB^fl^  BiS*B  ZBB  BH  HB  iSH  hm  ■ ■ wl 

lBaBBBBBBaaBBBBB!*l<aftBa7BJ7^BflflSflBB^Ba^BrflBBCBBBBB"B»BBK«BBBBSSH5SS5!l 

|flBBBBBBBaaaBBan-RariBflBB=^BBBSBBBB^flfl£B£B-B^B"BBVi.KB"BSaBBSSS»SSSnSr 

lBBBBBBBB^BBBaBBUiariBBTK:cBUBBBaaBBBEBKB7^B'^BSB£BBBS^B''BBBBBBSSSS5SSSSSl 

iBBBBBBBB^aBBBnrC/iBBBB^BsBBBBBaBBBBl-.BB^BBBgBinBBBS^B'aBBBBSSSSSSSSSSSl 

|flBBBBBflflBBBflBBBElBriBBB|gflBflHflBBBBBBMBB.SB:«SlBkfliBBUB2v!!Sn8S888888888888l 

lBBBBBBBaraBBBEUfla'fBBB=B£BlBBBBBB=a7BKS^B>-B^£iBBnBBBSB7BBB5S5SSSSSS!Sl 

l■■■■■■■■Vt=BBBIIBaBJBBa*BSB“BaBBBKBaBB^UB^B£B•BBB£BrB^B-SSS■S55S5SS5!Sl 

lflBaBBBaBB£BBBb2BBaBBB3BflBiaflBBB^a"BB=&BaRBCBBBI>BiBBV:SaS5SSS5S5SSSSl 

BBBBBBBSSiBS^EiBriBBS^SI5?BSSSS:sgSS^SS5lSis;i:s53|^g"»>->----- 

s::ss:5s:sE:^j»si:s^;=i::sEsg^ssi:ikgP5i^iiisssssiiissK^^^ 

|flflBBBBBBBBBBBriBnBBflBKB2BZBBBBBBS^B5BBft^BBB:Bf  MKB«'B=S2w^5SSS5SSSS55555l 
iBBBaaBBBBUBariBMBBBBBB^B-^BBBflB^a^BB^aU^^^KalB^KHBBBSSSSS?”"""”* 

l■■BB■■B■■»■■:■■r■■■■■B.«MitK•5SS555:.S=55r^5':;5z^5^s5!::555^5=5555ll5l■lllf 


|iiiiiiiiiSiBiiiiiii£=Ki^iilSBScV^BK»KBSB^SSBnBiflfift-BBflB8SB8&S8888l 

iflB££BEBBBBBBBB«BBBft^HBHiSH£S*SS?:HSz;S5555r555£S775^S5555B51l5l!!!l 


BBBBBaBBBiEBiB;BBBBBB-BaS^aBSSBB^alBBn^^^SEBBBSB=:?g^B^SKB^ 
iBBBBBBBBBVBRBnBBBBB^BBKBBBBBBii^BBiUfl^BrBSBnail^^fl-BBBBBaBBBflB--”' 
■^■■■■■■!!!!!H~B»‘BBBBBBS^BfiaB.?B!!BBBeB£BraSBBBfKLaBBBBBBBBflB.-. 

— *^5^j«KBBBBBBBBBBBBBBBB 

b:^E''l^*-**a>BaaBBaBBBB 
— IBBBBBBBBBBBBBB 

■BiBBiiiiiiiiiaBiBiBiBBBBBaaBBBBBiflBBBBaaBBBflflaB 

IsssKssKssssssissssssssEasKssggsSagsHsssSSsBSgSgi^ 


3 


To  solve  for  the  coefficients  of  these  terms  one  must  have  at  least 
six  independent  pairs  of  numbers  (equations  in  six  unknowns) . In  practice, 
the  results  of  eighteen  runs  were  used  in  the  least  squares  solution  for 
these  coefficients . Runs  were  made  at  yaws  of  $,  10,  2$  and  20  degrees, 
at  airspeeds  of  100  and  200  f^s,  and  with  circular  yawing  rates  of 
cycles  per  second  in  both  left  and  right  handed  directions.  The  yawing  ^ 
rate  and  airspeed  combine  to  give  N of  .0082  and  .001)1  radians  per  caliber. 
Runs  made  fron  these  combinations  of  6 and  N make  an  overdetermined  set  as 
far  as  the  intercept  reduction  is  concerned;  but  in  order  to  make  the  set 
determinate  for  the  slopes  (which  do  not  distinguish  between  positive  and 
negative  values  of  n)  it  was  necessaiy  to  include  runs  at  a third  N value, 
so  runs  were  also  made  at  20^,  100  £p3,  left  and  right  ^in  at  N • 0. 

All  runs  were  begun  with  the  shell  spinning  counter  to  its  circular 
yawing**  so  that  the  spin  accelerating,  spin  dancing,  and  bearing  friction 
torques  wooLd  eonbine  to  create  a large  spin  retardation  and  thus  provide 
a longer  (T  vs  (if'  I^ot  within  the  one  minute  duration  of  the  run.  Depend* 
ing  largely  on  the  magnitude  and  direction  of  the  effect,  spin  reiversal 

might  or  might  not  occur  within  the  time  of  the  run*  It  was  desirable 
that  ^in  reversal  occur  in  enough  instances  to  give  an  estimate  of  the 
bearing  friction,  iMch  appears  as  an  offset  between  the  parallel  left  and 
right-hand  branches  of  the  (/"  vs  plot  and  has  to  be  known  to  correct  ; 
for  the  intercepts  in  those  instances  tdiere  spin  reversal  does  not  occur* 
Generally,  the  runs  in  which  reversal  occurred  gave  inferior  estimates  of 
the  slopes  because  of  their  shortness  and  their  roughness  near  the  (if "axis 
(idiere  the  differentiating  operation  blends  the  offset  left  and  right  spin 
regines) . This  xegion  is  disregarded  in  the  estimates . 

Tbs  slopes  and  intercepts  of  the  plots  were  read  by  eye  with  the  aid 
of  a straiebtedge,  the  computer  making  the  best  guess  under  the  circum- 
stances . The  cosiputer  also  estimated  the  possible  range  within  which  each 
slope  might  fall,  and  thereby  obtain^  a n»asure  of  the  degree  of  certainty 


* N "■  2n  ((7cles/see.)  d^i.  These  yawing  rates  were  originally  chosen 
to  bracket  the  natuzul  yawing  rate  for  the  H-^6  shell  in  the  considexred 
airspeed  and  yaw  ranges . To  expedite  the  T-28  tests,  which  were  closely 
schedtiled  to  fit  in  before  the  In^nding  tunnel  alterations,  the  same 
gearing  was  utilized  for  the  yawing  mechanism  as  before,  on  the  expec- 
tation that  the  natural  yawing  rate  for  the  T-28  would  not  be  too  far 
off  frem  that  for  the  From  infeumation  subsequently  available, 

it  was  found  that  the  yawing  period  for  the  T-28  Is  less  than  half  c£ 
that  for  ilie  M-56  (138  ft,  vs  322  ft.  respectively),  so  that  to  bracket 
the  natural  yawing  rate  the  shell  should  have  been  yawed  twice  as  fast* 
Ifeasurensnts  were  made  at  three  N values  (the  third  being  zero),  how- 
ever, which  provide  a good  basis  for  such  a short  extrapolation. 

9*  Spin  was  induced  either  by  circtOar  yawing  or  by  a Jet  of  air  directed 
against  the  fins  with  an  airhose  prior  to  the  run. 


with  which  each  slope  was  read*  The  range  values  were  assumed  to  be  pro- 
portional to  &e  standard  deviations  and  were  handled  as  such  in  the  com- 
puting of  the  relative  weights  of  the  slopes  and  intercepts • Thus>  tables 
of  slopes  and  intercepts^  with  their  relative  weights,  were  obtained  as 
functions  of  the  variables  H and  6,  from  which  the  various  aerodynamic  co- 
efficients contained  in  the  slopes  and  intercepts  were  solved  for  bgr  the 
method  of  least  squares* 

B*  Results 

As  noted  in  the  introduction,  teats  were  made  on  the  T-28  with  the 
standard  fin,  a shroudless  standard  fin,  a long,  hi^h  area  fin,  and  a fin- 
less  tail  boom  (see  Fig.  3).  The  results  of  ^se  axial  torques  tests  are 
shown  in  Fig.  5 (Intercepts  and  Slopes  as  Functions  of  law),  and  in  Fig*  6 
(Aerodynamic  Coefficients  of  Axial  ToGrque)  * Data  from  the  finless  shell 
are  not  included  since  no  axial  torques  other  than  a very  weak  effect 

were  discernible  in  tests  of  this  conflguraticn*  Da  Fig*  $,  the  intercepts 
and  slopes  are  scaled  so  that  they  represent  those  dimensionless  groups  of 
terms  in  the  axial  torques  expression  which  are  independent  of  v and  de- 
pendent on  V,  respectively*  The  curves  drawn  are  the  least  squares  fits 
to  t^  data  points  * The  radii  of  tb»  circles  around  the  data  points  are 
proportional  to  the  individual  ranges  of  the  points.  Weights  given  to  the 
points  in  the  least  squares  reduction  were  proportional  to  the  inverse  of 
the  ranges  squared* 

In  the  intercept  graphs,  is  the  offset  in  the  curves  from  the  origin, 

while  is  responsible  for  the  lack  of  rotational  ^p'^try  between  the 

left-spin  and  rightHspin  curves  * was  not  computed  since  its  effect  was 

e3q»cted  to  be  small*  The  group  is  of  interest  here  in  that  it  "absorbs” 

the  effects  of  bent  fins  and  the  spiralily  of  the  airflow  in  the  tunnel. 

The  values  of  and  should  not  be  considered  as  representative  of  the 

general  fin  configuration  from  which  they  were  obtained;  apparently  th^ 
are  characteristic  of  the  particular  fin  sample  used  and  the  wind  tunnel 
in  which  the  tests  were  made*  is  represented  bF  the  slope  of  ihe  curves 

at  the  origin  and  and  are  responsible  for  the  curvature* 

In  the  slope  graphs,  no  distinction  is  made  between  left  N and  right  N 
since  all  terms  allowed  in  the  slope  eaquression  are  even  in  N*  The  points 
shown  are  averages  of  the  left  and  right  N slopes.  shows  up  as  the  inter- 
cept of  the  slope  curve,  ^ and  in  its  slope  at  the  origin,  and  Ky  Xj^, 
and  in  its  curvature* 

In  these  tests  the  Intercept  data  turned  out  to  be  rather  poor,  since 
the  intercepts  were  obtained  either  from  short,  rough,  {!('  vs  (f"  curves  x»ar 
the  origin  or  from  larger,  smoother  curves  far  removed  from  the  origin  and 
requiring  a large  amount  of  extrapolation*  The  slope  asasur:i:'r^ts  did  cot 
require  such  extrapolation  and  turned  out  to  be  quite  good*  The  scatter 
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in  the  intercept  data,  however,  does  not  obscure  certain  qualitative  re- 
laticnships  that  can  be  cbserved  from  the  results  as  a whole  • The  general 
trend  is  for  the  intercept,  or  "spin  generating  function",  to  be  largest 
in  ^ l5^  - 20^  region  of  yaw,  idiile  the  slope,  or  "spin  damping  function", 
is  a minimum  in  this  region*  Althou^  the  ouudmnm  intercept  values  reached 
within  the  20<>  yaw  range  of  the  tests  are  roughly  the  same  for  all  fin  typos 
tested,  the  standard  fin  intercept  i^ots  have  the  greatest  curvature?  reach- 
ing its  maTiimim  at  15**  suid  then  dropping  rapidly  to  zero  at  20<>  for  the  100 
f^  runs*  The  intercept  plots  for  the  other  fins  are  nore  nearly  linear* 

^ the  slope  curves,  the  standard  fin  again  shows  the  greatest  non-linearity 
in  yaw,  and  gives  the  least  resistance  to  spin  in  the  middle  yaw  regions  for 
the  three  fins  tested.  Thus  the  striking  differences  observed  in  these  tests 
are  between  shrouded  and  non-shroudad  fins,  the  differences  between  the  two 
shroudless  fins  being  largely  matters  of  degree* 

A possible  interpretation  of  the  above  observations  based  on  our  previ- 
ous understanding  of  the  axial  torques  phenomena  is  as  follows  * As  mentioned 
earlier,  the  and  effects  nay  be  e:q)lained  in  terms  of  lift  or  normal 

force  acting  on  the  individual  fin  blades*  This  concert  nay  be  extended  to  . 
include  the  effects  of  the  higher  order  terns  in  6 of  (1)  by  considering  how/ 
the  normal  force  on  the  fin  blades  may  vary  with  increasing  yaw*  Following  / 
this  line  of  thought,  we  should  expect  the  KL  effect,  iMch  does  not  ex^t  ‘ 
at  zero  yaw,  to  increase  with  yaw  until  some°cptinnn  yaw  is  reached  at  wfaleh 
the  lift  differential  due  to  body  interference  is  a maximum,  and  then  diminish 
as  the  fins  are  moved  outwards  from  the  wake  of  the  shell  body  with  a further 
increase  in  yaw* 

The  effect  should  be  a maximum  at  zero  yaw  where  all  the  fin  blades 

contribute  equally  to  ^in  dasping  through  lift,  and  ^ould  diminish  at  hi^- 
er  yaws  where  interference  effects  of  the  blades  and  boom  reduce  the  effec- 
tiveness cf  the  fin  as  a whole*  At  highor  yaws,  however,  the  normal  force 
on  the  fins  begins  to  build  up  again  largely  throu^  drag* 

This  buildup  may  be  visualized  hy  considering  a ginning  fin  set  at 
ri^  angles  to  the  airflow*  The  blades  on  one  side  of  the  yaw  plane  advance 
into  the  airflow  and  the  blades  on  the  opposite  side  recede  trm  the  airflow, 
opting  an  unbalanced  blade  drag  distribution  whose  axial  moment  is  pro- 
portional to  the  product  of  the  spin  and  airflow  (whose  torque,  we  see,  is 
of  the  form  cf  the  slcpe  terms).  The  resultant  spin  damping  effect  for  any 
an^e  cf  yaw  then  is  essentially  the  sum  of  these  two  aspects  which  have 
their  maxima  90*^  apart,  and  may  readily  account  for  the  slope  curve  charac- 
teristics observed  frca  these  tests'?* 


* The  reader  is  asked  to  observe  the  position  of  12is  data  poin'ts  in  this 
instance  rather  than  the  least  squares  curves.  As  a consequence  of  our 
weighting  procedures,  the  200  tps  data  seems  poorly  fitted  ly  the  least 
squares  method  in  this  case* 

^ These  effects  would  be  more  easily  perceived  if  the  slopes  were  plotted 
agaixst  S instead  of  q2,  since  in  the  latter  case  the  maximum  at  zero 
yaw  appears  cusi>-lika* 


16 


t 

i 


-.jp  . f-... 


liiiiSi 


iigfflaiiiai , 

iisagaiiiir 

liiiiitBSffliisr””— 
immmr- 


liiiiiiissiii^ilfili 


IpriP 

lljlipBiEiaBiO 


lijgyiiiiii 


,IIL 

r35£ 


'BSBBBS3I8S. 

i||g|l||liiiiiip 
SaiSiii 

aBBBaaagaiaifapimaaiiiiiSH 


iiiilBSsasBSS, 


JiHsHilil 

nililiil 


■lyi^ 


|i  '-■’irsifssgijiii 


-igiBM^aiaaaggigfflgagiB 
^Jii»gagai 

icai^MaiiiiiimaniaBgiaggiaBaa 


|iiiiigilBiiiBSSi!l 

I 


imiaiy 


liiililiiaE 


Ooeffialent 


© 


Axial  torooe  - £ K.  (factor) . foot-poiuidals 

i 1 1 

Talnes  in  parenthesis  are  estimated  standard  deriations  of 
the  fit  in  terms  of  the  value  of  the  coefficient. 


% 

1 

-,000,7U7(21^) 

•|•.000,233L(20?) 

* 

♦.000,119(62?) 

V; 

♦.0091(1»W) 

-.OQ6i(U8?) 

1 

-.0019(76?) 

♦ 7.89(23?) 

♦ ^{51(18?) 

♦ 1.99(37?) 

h 

♦ 19.  (Hi8?) 

- 10.  (6L?) 

♦ 4.  (177?) 

- 1,21j5,000(2W) 

- U3,000(133?) 

- 89,000(119?) 

h 

-V 

♦ .0537  (1?) 

« .0Ui2  (It?) 

i 

♦ .0539  (2?) 

h 

v5^ 

♦ .981  (5?) 

♦ JLlJi  (150?) 

♦ .279  (30?) 

*r 

vH^6^ 

♦ 1,980  (60?) 

4,880  (60?) 

♦ 5,120  (38?) 

va/^ 

- 7J»6  (6?) 

- .68  (234?) 

- 1.86  (38?) 

♦ 15U,000(13?) 

+ 6a.,000(99?) 

♦ Ii5,000(57?) 

% 

■ J| 

~ 2 Jk7x  10^(12?) 

- 1.50  X 10^(53?) 

- 1.58  X 16^(23?) 

i 

i 

' 

The  difference  observed  between  the  shrouded  (standard)  fin  and  the 
non«shrouded  ones  with  xe^ct  to  these  data  isaj  be  eacplainfid  tgr  the  shroud's 
role  as  a tip  {date  for  the  fins  and  its  interference  effect  vpon  the  fin 
blades  at  hi^  angles  of  yaw.  The  effect  of  the  addition  of  tip  {dates  on 
lift  sections  of  low  aspect  ratio  is  narkedly  to  increase  the  airfoil's  lift, 
so  with  the  addition  of  a shroud  to  a given  fin,  we  should  eoqiect  an  increase 
in  those  axial.torques  idiich  are  essentially  manifestations  of  lift  acting 
on  the  individual  fin  blades.  Ihdeed,  we  find  that  both  ths  and  ef- 
fects are  most  pronounced  in  the  ease  of  the  shrouded  fin  (see  Figs . $ and  6) , 
Of  the  fin  iypes  tested,  the  shredded  fin  has  the  greatest  (by  a factor  of 

3)  is  ss  great  as  thaj/of  the/hl^  area  long  The  addition 

of  4 shrad  further  conplieates,nDe  picture  in  that  at  indroaslng  angles  of 
ya»  the  mood  begins  to  nullify 'the  efrectivenep  of  th^/fin  blades  through 
ix^rfe^nce  . This  la  indicate  by  the  fact  th:^  f or^  tl^  standard  finned 
^11  intercept  plot  has  tto  greatest  negative  curva^turs  in  yaw;  and  the 
uope  ploty  although  having  one  of  the  highest  values  at  zero  yaw,  quicldy 


iJ  although  having 


drops  to  valve  lower  than  that  for  ax^  other  fin  07  10  degrees  of  yair* 

The  results  of  the  T>28  axial  torques  runs  are  generally  ccaparable  to 
those  made  on  the  H-$6  shall,  although  the  differences  between  sbreuded  and 
non-shrouded  fins  were  slight  in  ihe  M-$6  runs.  The  ecaqiarison  was  ebsenred 
in  those  runs  by  the  fact  that  the  shroudless  fin  was  12  bladed  and  the 
shrouded  fin  was  6 bladed,  so  that  they  were  not  comparable  bn  the  basis  of 
the  shroud  alone. 


n.  mams  tobode 

A.  Instrumentation  and  Data  Reductlqi 


A schematic  sketch  of  ths  Hagnus  torque  balance  is  shown  in  Fig.  7. 

For  a more  detailed  descripticn  of  the  balance,  see  ERL  882.  Ths  balance 
used  in  the  present  runs  differs  only  sU^dii^ly  frem  the  one  used  in  Ihe 
K-$6  xma.  The  knife  edges  used  in  the  fulcrums  and  end  pivots  of  the  old 
balance  have  been  replaced  by  thin  metal  flexure  plates  (see  Fig.  8),  there- 
in lessening  the  problsss  cf  friction  and  "stickiness*  (failure  of  the 
balance  to  return  to  its  original  position  rpon  the  removal  of  a displacing 
torque)  associated  with  the  knife  edge  set-iq>  without  appreciably  increasi^ 
the  stiffhess  of  the  system.  In  order  to  increase  the  sensitivity  of  the 
balance  by  counteracting  ths  strong  stabilising  influence  of  the  taut  cross- 
wires, the  fulcrums  cf  the  balance  beans  were  shifted  2”  inwards  towards 
the  shell  from  ths  level  of  ths  ex:d  srqq>orts,  thus  creating  a condition  of 
instability  similar  to  that  of  a pyras^  siqqaorted  cn  its  point.  This 
method  of  sensitizing  or  de-etabt  Using  the  balance  is  seperior  to  ths 
method  used  in  the  runs,  in  which  a 20  lb.  weight  was  attached  to  the 
iqper  balance  bean  seme  two  feet  above  its  fulcnsa,  an  arrangement  which 
was  ccmherscne  and  necessitated  an  additional  adjustment  with  each  change 
of  yaw. 


To  detenuina  Magnus  tcrqua  as  a function  of  the  pertinent  varlab]^ 
Taw  and  spin,  rtms  were  made  at  yaws  of  10,  and  20  degrees**,  at 
airspeeds  of  50,  100,  and  200  fps,  and  at  spins  from  600  to  22iOO  zpa,  at 
200  ram  intervals*  These  last  two  variables  eooibins  to  give  v ranges 
from  »083  to  1*328  radian/cal*  A run  consists  of  a series  of  :U)  Magnus 
torqius  measurements  taken  at  10  spin  values  for  a constant  airspeed  and 
an£^  of  yaw*  Torques  are  measured  on  the  balance  tr  noting  the  position 
that  a louam  weight  most  oeetqy  along  the  graduated  vpper  balance  beam  In 
order  to  hold  the  balance  beams  In  their  neutral  posltloDS  (i«e.,  the 
positions  In  iMch  the  model  has  no  yaw  in  the  balance  nlane),  as  shown 
by  the  position  of  a light  spot  on  a screen  (see  Fig*  7)  • Agnus  tor^ 
is  reckoned  as  the,|dlfference  between  torque  measured  at  sero  spin  (the 
"sero  reading")  acl  torque  measured  at  the  deslr^  spin  (the  "qdn  read- 
ing"), for  a glvenalrspeed  and  angle  of  yaw*  Zero  readings  were  made 

P before  eim  individual  spin  reading,  since  .the  zero  readings 

a Observ^  to  drift  considerably;'  during  the  same  ^ art  rates  length 
* Otheitr|se  some  averse  zero  reading  could  have!  been  applied 
at  In  thaeoapitatlcns* 

f AS  an  extension  of  the  linear  theory  and  for  ifae  convenlenee  of 
least  squares  conputations,  Magnus  torque  is  considered  as  an  odd  term 
Taylor  expansion  of  the  following  fotzu 


(2)  T - pdV  v8  ♦ v^8  ♦ 


**31  * **33 


Kip  + 


'S3  \ 


idiere  the  ILi  are,  of  coarse,  numerle  and  the  other  quantities  are  as 

noted  for  e:q)ressiQn  (1)  in  part  lA  (with  S here  restricted  to  radians)* 

The  SL  were  not  eospited  directly  in  the  usual  least  squares  manner 

since  It  was  desirable  to  perform  the  reduction  step-wise  In  order  to  examine 
the  data  mors  thoroughly  and  obtain  visual  chaoks  throughout,  but  the  re- 
sulting coefficients  are  identical  to  those  that  world  be  obtained  from  Ihe 
direct  approach*  To  express  all  measurements  in  terms  of  a ccrnon  airspeed, 
aU  torques  were  multlplisd  by  the  factor  All  runs  mads  at  the  same 

angle  of  yaw  were  ccohlned  and  fitted  as  a grcKq>  by  a least  squares,  odd 
tern,  fifth-order  polynomial  in  v.  Fig*  9 shows  Ihe  Magnus- torque  measuxe- 
ments  as  a function  of  spin  for  the  standard  fin  T-28  at  l$o  vith  the 

* Bepetitlon  of  runs  at  laegative  angles  of  yaw^as  dons  in  the  eaploratoxy 

tests  was  not  considered  nscessazy  here* 


• ! 


least<<q:uares  fit  dram  in*  Agadn,  as  with  the  VH$6  data,  a fifth  order 
fit  was  necessazy  to  describe  the  data  adequately*  Such  Hts  were  ob> 
tained  from  all  four  angles  of  yaw,  yielding  the  expressions  for  Hagtius 
torque: 

*10®  • ho*  ♦ 

I V hs*  * hs*’  * hs*^ 

I *20®  ■ ho*  * ho»^  * *20*® 

The  b^,^d^,  aiad  f^  are  then  fitted  by  least  squares,  odd  term,  fifth  order 
polynomials  in  6,  giving  the  eaqressions: 


b - BjjS  + Djj8 


d - B^6  ♦ D^S-’  ♦ 

f - , 

It  can  be  shown,  providing  that  torque  readings  vers  made  at  the  sane 
set  of  spin  rates  for  all  an^es  (as  was  done  in  these  tests),  that 

h • " \3  5®f  " 

°b  ■ ■ ^33  »°f  " *1^3 

b d «P^3  f 

idzere  the  K*  are  tbs  ecefficients  of  the  direct  least  squares  fit  to  (2). 

U 

B*  Results 

Before  considering  the  OTerall  results  of  these  tests,  certain  peculi- 
arities noticed  in  the  individual  runs  should  be  examined  for  the  information 
they  contain  — unecqiectad  irr^ularities  in  the  tests  idiich  would  have  goz» 
mmotieed  in  a dir^ict  least  squares  fitting  of  the  data* 
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0ns  of  tbe  most  noticeable  and  puzzling  features  of  the  torque  vs  v 
plots  for  constant  ^aws  (Fig.  9)  Is  tbs  large  difference  in  torque  values 
obtained  betseen  the  left  spin  and  right  spin  runs « In  the  previous  work, 
stellar  (thou^  smaller)  discrepancies  vere  dismissed  I7  assuming  that  the 
airstream  did  not  lie  within  the  supposed  plane  of  yaw^  so  that  hi^r 
order  con^ionexits  of  righting  torque,  due  to  spin  and  even  in  spin,  enter 
into  -Uie  measurements  • The  asQrsiaetzy  of  airflow  and  the  misalignment  are 
known  to  he  low,  however,  and  coapitations  ^ow  that,  aUcving  a large 
asynmetiy,  no  reasonable  value  of  rioting  moment  due  to  spin  can  account 
for  the  differences  observed  in  these  runs*.  Another  possible  cause,  the 
effect  of  idiich  is  difficult  to  evaluate,  nay  be  that  the  wake  of  the 
jE!ront  srqyport  wire  does  not  wash  down  exactly  along  the  leading  edge  of 
the  model,  therdy  producing  an  aeroc^jmaiitic  astyimaetry  idiose  interplay  with 
the  Magnus  effect  may  produce  large  differences  between  the  left  spin  and 
rl^t  spin  torque  readings.  The  interference  effect  of  wires  in  or  near 
the  plane  of  yaw  is  already  suspect  in  causing  autorotation  of  finned 
models  (as  indicated  from  preliirinaiy  tests  made  in  the  MBS  rig),  and  may 
be  to  blame  in  this  case  as  veUT* 

Another  irregularity  evident  in  these  plots  is  the  scatter  within 
each  Individual  run.  ActoaUy,  the  precision  of  measureoenb  is  mudh 
greater  (.025  in-lh.  ouccteua  error  of  reading)  than  is  indicated  by  the 
scatter.  Ih  analyzing  the  data  it  was  seen  that  the  scatter  was  in  the 
zero  readings.  This  scatter  say  perhaps  be  attributed  to  the  random 
orientation  of  the  fins  with  respect  to  the  yaw  plane.  The  fins,  in 
positions  asyaaetrical  with  resqpi^  to  the  yaw  plans*  vaj  cause  unbalanced 
^forces  actteg  out  of  the  yaw  plane,  resulting  in  a "qaasi-Hagnus”  force 
and  torque. ' This  explanation  is  supported  by  the  fai^  that  the  Magnus 
torque  runs  mads  on  the  f ialess  shell  gave  much  smoother  plots  • It  has 
long  been  xeecgoized  that  righting  torque  is  a function  cf  fin  orientation, 
but  the  ’'quasi-Magnas”  torque  variation  with  fin  ooedentation  has  received 
less  attenticB.  In  future  runs,  care  should  be  taken  to  make  all  zero 
readings  at  scae  "average"  or  "representative”  orientation  of  the  fins 
throughout  the  runs. 

It  was  decided  that  the  ordinazy  least  squares  fit  to  the  ecnmoa  yaw 
grotqB  handled  these  data  best.  The  differences  between  the  left  spin 
ajKl  right  spin  runs  logically  should  not  eod^t  in  the  function  we  wish  to 
represent,  so  it  seems  reasonable  to  assume  that  the  true  values  of  the 
function  lie  seaswhere  between  the  left  and  right  spin  plots  • The  least 
squares  fit,  using  an  odd  term  polyncmdal  in  spin,  effectively  averages 
these  values.  The  scatter  due  to  the  fin  orientation  effect  is  considered 
to  be  zundcm  aid  likewise  is  best  handled  by  the  least 'squares. 


» Eg,,  if  the  misalignment  is  3^,  the  righting  moment  dee  to  spin  must 
be  approsdsately  57  times  the  Magnus  mcoent  to  give  ti^e  observed 
differences'. 
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A arasnaxy  of  the  data  on  the  T«^8E6  shall  appears  in  Fig.  10^  idwre 
the  least  sqoares  polynomial  fit  is  given  in  both  tabular  and  grajMcal 
foxn.  The  torqpe  vs  spin  graphs  for  constant  yam  are  almost  identical 
to  tte  least  squares  fits  to  the  ooiaaon  yas  groins  (as  in  Fig.  9)  tram 
shich  the  overiQl  fit  vas  determined,  and  therefore  giva  a good  pieturs 
of  the  dLstribution  of  the  original  data.  The  torque  vs  yaw  graphs  for 
constant  spins  are  more  relevant  in  the  sto^  of  yawing  motion,  since  w 
values  msy  generally  be  regarded  as  vaxyicg  only  slowly  along  the  tra- 
jectory. As  with  the  H-56  shell,  Magcm  torque  was  found  to  be  non- 
linear both  in  spin  and  yaw.  The  data  on  the  T-28  shell  are  generally 
conparahle  with  those  on  the  M-^6  shell,  although  the  torque  readings 
from  the  T-28  are  smaller  than  cooparal^  readi^  from  the  H-$6,  as  one 
would  expect  tron/^  smaller  shell  (20;:^^ess  bc^  surface  arefi).  Thus, 

mo»  I. 


ehwacterlsties  of  the  1^6 
not  seem  to  be  tenable. 


the  belief  that  nQtv*linear  Vagpaal 
shell  were  due  W/lta  jjartictCLar  shap'; 

The  results'  of  the  Hagn^  torqurjftests  made  on  the  T-28  with  the 
shroudless  standard  fin,  the  long  f and  the  flnless  shell  are  pre- 
sented In  Figures  11,  12  and  13  respeotiveSy.  Ccsparative  plots  of  the 
torque  ws  spin  charaoterlstica  for  individual  yaws  are  offered  in  Fig. 
m.  From  the  oonparlson  of  these  results,  two  patterns  which  were  el- 
dest from  Ihe  M-^6  tests  are  again  appaxentt  (a),  the  Magnus  force 
eontributlon  of  the  fins  is  negative  for  yaws  belor  20  degrees,  and  (b), 
the  shroud  increases  the  effectiveness  of  the  fins  in  generati^  Hagiw 
force.  The  effect  of  fins  for  yaws  of  $,  10,  ax)d  15  degrees  is  to  make 
the  Magnus  torque  more  positive,  indicating  that  th^  force  contribution 
anst  be  negative  in  these  regions  since  tte  fins  have  a negative  moment 
arm.  At  20  degrees  yaw,  the  effect  of  the  fins  is  to  make  the  M^ignus 
tor^  more  negative.  These  effects  are  most  pronounced  for  the  standard 
fin  (shrouded)  and  the  high-area  long  fin. 


In  en  attenpt  to  e:qxlain  these  findings,  the  f oUcslng  lypothesis  is 
suggested.  Consider  a typical  mUlti-bladsd  fin  spinning  in  an  axial  air- 
flow. Because  of  the  rotatlm  of  the  fin,  each  blade  have  an  effective 
ang^ of  attack  and  resulting  lift  force.  Because  of  ^ymmetxy,  the  vector 
sum  of  these  forces  is  xero,  with  only  the  spin  daxqping  Ka  moment  surviv- 
ing. Nbw  consider  the  fin  spinning  at  an  angle  of  yaw.  With  respect  to 
the  yaw  plane,  the  force  system  Is  no  leader  symmetrical  because  the  lift 
on  the  sheltered  leeward  blades  is  less  than  that  on  the  windward  blades, 
hence  the  resultant  of  all  the  individual  blade  forces  will  be  in  a di- 
rection generally  opposite  to  that  of  Ihe  laotion  of  the  windward  blades 
with  respect  to  the  yaw  plane*.  As  &e  angle  of  yaw  is  increased  to  a 
value  of  20  degrees  or  more,  however,  the  fin  presents  mbre  of  its  side 


* Thia  is  a more  precise,  thou^  less  eateise,  re-stateiaent  of  the  intul- 
tlvs  ■paddling”  concept  forwarded  in  EEL  882.  The  tenn  ”paddling”, 
however,  oqhaslses  drag  rather  tlnn  lift  with  which  wa  are  here  con- 
cerned. The  addition  of  a shroud  to  a paddlewheel  would  obviously 
reduce  Its  propelling  power,  yet  here  we  wish  to  demonstrate  idiat  mi^t 
iqjpear  to  be  just  the  opposite. 
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to  the  airstream  which  must  now  go  around  the  fin  as  well  as  through  it« 
so  the  spinning  fin  beccnes  in  effect  more  of  a body  of  revolution,  and 
the  usual  viscous  ^iagnus  force  (positive)  outwei^is  the  blade  lift  force* 
!Hie  larger  the  fin  area,  the  more  pronounced  these  characteristics  are 
for  a given  shell  body*  The  addition  of  a shroud  to  a given  fin  prevents' 
tip  losses  (of  lift)  fran  occurring  on  the  individual  blades,  thereby  in- 
creasing their  lifting  power  ( as  noted  in  Part  IB)  and  the  resulting 
native  Magnus  force  in  the  0 to  15  degree  yaw  r^on  where  the  aiinow 
is  largely  axial  with  respect  to  the  fin*  At  higher  yaws,  where  the 
eross-flcw  becomes  more  iig)ortant,  the  shroud,  itself  a short  body  of 
revolution,  generates  the  usual  positive  Magnus  force  associated  with 
shapes  of  this  type  so  that  the  overall  Magnus  farce  effect  is  more  posi- 
tive than  it  would  be  at  these  angles  without  the  shroud*  The  effect  of 
the  shroud,  than,  is  to  increase  'Qie  effectiveness  of  the  fins  with  re- 
spect to  the  Magnus  phenomenon  as  though  the  fin  blade  ax«a  were  increased. 


GGICUBICM 

As  noted  above,  the  data  cn  the  T-28  aare  very  similar  to  those  cn  the 
shell,  especially  with  respect  to  the  noa-linaar  Magnus  torque*  In 
view  of  such  similar  results  obtained  from  such  dissimilar  shell  ccnfigu- 
ratlons.  It  seems  likely  that  these  characterdLstlos  are  representative  of 
mortar  shell  in  general,  rather  than  being  due  to  sene  particular  design 
feature  of  either  shell.  Furthermore,  the  fact  that  the  fins  contribute 
so  heavily  to  both  the  axial  and  l&gnM  torques  indicates  that  these 
results  may  be  of  significance  to  all  finned  missiles*. 

At  present,  the  main  value  of  this  work,  as  siqgiorted  by  the  results 
of  the  preceding  tests,  is  in  its  indication  of  the  need  for  a mora  In- 
dnslVB  theory  cf  yawing  motion  than  the  existing  linear  theory.  Upon  the 
develcpaenb  of  such  a theory,  and  through  the  use  of  modem  oenputizg 
machines,  oesparatiTe  studies  of  the  accuracy  and  snseaptibillly  to  short 
ranges  of  various  shell  will  be  possible  using  this  sort  of  data.  The 
non-linear  eqaatlcns  cf  yaw  have  been  solved  in  a special  ease  of  spiral 
yawing  motlms  using  values  of  Magnus  torque  taken  from  the  tests**, 
azid  a similar  treatment  of  the  T-28  data  is  planned* 

R.S.  HOIT 


* At  the  time  of  tMa  writing,  reports  of  similar  research  from  other 
agencies  bear  wltcsss  to  the  generality  cf  these  results* 

BHUl  6^,  Spiral  Ihaing  Moticna  of  Slzaa  1^6. Shell,  S.  J.  Zaroodiy, 
S.  E*  Bc3i)ergar* 
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